The current availability of five complete genomes of different primate species allows the analysis of genetic divergence over the last 40 million years of evolution. We hypothesized that the interspecies differences observed in susceptibility to HIV-1 would be influenced by the long-range selective pressures on host genes associated with HIV-1 pathogenesis. We established a list of human genes (n 5 140) proposed to be involved in HIV-1 biology and pathogenesis and a control set of 100 random genes. We retrieved the orthologous genes from the genome of humans and of four nonhuman primates (Pan troglodytes, Pongo pygmaeus abeli, Macaca mulatta, and Callithrix jacchus) and analyzed the nucleotide substitution patterns of this data set using codon-based maximum likelihood procedures. In addition, we evaluated whether the candidate genes have been targets of recent positive selection in humans by analyzing HapMap Phase 2 single-nucleotide polymorphisms genotyped in a region centered on each candidate gene. A total of 1,064 sequences were used for the analyses. Similar median K A /K S values were estimated for the set of genes involved in HIV-1 pathogenesis and for control genes, 0.19 and 0.15, respectively. However, genes of the innate immunity had median values of 0.37 (P value 5 0.0001, compared with control genes), and genes of intrinsic cellular defense had K A /K S values around or greater than 1.0 (P value 5 0.0002). Detailed assessment allowed the identification of residues under positive selection in 13 proteins: AKT1, APOBEC3G, APOBEC3H, CD4, DEFB1, GML, IL4, IL8RA, L-SIGN/CLEC4M, PTPRC/CD45, Tetherin/BST2, TLR7, and TRIM5a. A number of those residues are relevant for HIV-1 biology. The set of 140 genes involved in HIV-1 pathogenesis did not show a significant enrichment in signals of recent positive selection in humans (intraspecies selection). However, we identified within or near these genes 24 polymorphisms showing strong signatures of recent positive selection. Interestingly, the DEFB1 gene presented signatures of both interspecies positive selection in primates and intraspecies recent positive selection in humans. The systematic assessment of long-acting selective pressures on primate genomes is a useful tool to extend our understanding of genetic variation influencing contemporary susceptibility to HIV-1.
Introduction
Infectious diseases have been the greatest killers throughout evolution and are therefore expected to have exerted strong selective pressure on genes involved in hostpathogen interactions. This concept has been supported by several genome-wide studies that ranked genes involved in immunity and inflammation among those exhibiting the strongest signatures of positive selection both across species and within humans (Clark et al. 2003; Bustamante et al. 2005 ; Chimpanzee Sequencing and Analysis Consortium 2005; Sabeti et al. 2006 Sabeti et al. , 2007 Voight et al. 2006; Barreiro et al. 2008; Kosiol and Vinar 2008) . The evolutionary approach, which uses comparative sequence data across mammals or within human populations, can be highly useful to identify genes having played a major role in host survival and therefore likely to influence modern susceptibility to, or pathogenesis of, infectious diseases (Sawyer et al. 2004 (Sawyer et al. , 2005 Quintana-Murci et al. 2007; Sabeti et al. 2007) .
Among infectious agents, retroviruses can shape the genome both through their contribution to the large mass of genetic material of retroviral origin and via repetitive attacks by exogenous infection. By now, it is well established that a number of host cellular factors specifically target retroelemental activity of endogenous retroviruses, as well as of incoming infections (Sheehy et al. 2002; Stremlau et al. 2004; Esnault et al. 2005; Neil et al. 2008) . Present-day susceptibility to lentiviruses, and in particular to HIV-1 and SIVs, could thus be modulated by past exposure to ancestral retroviral infections, leading to interspecies specificities, and within a given species, to interindividual differences in susceptibility to retroviral infection and disease. Likewise, genetic adaptations occurring concomitantly with strong reductions in population sizes (i.e., bottlenecks) due to epidemics by nonretroviral pathogens may also modify modern susceptibility to HIV-1 because of the existence of shared determinants of immune response or polymorphism in key cellular processes.
The evolutionary trajectories of members of two families of genes involved in intrinsic cellular defense against retroviruses are the best examples of evolutionary pressure exerted by past infections. TRIM5a, a protein that restricts retroviral infection by targeting decapsidation, and APO-BE3G, a protein that deaminates viral RNA, are among the proteins under the strongest positive selective pressure in primates (Ortiz et al. 2006; Sawyer et al. 2004 Sawyer et al. , 2005 . Detailed analyses identified patches of residues under positive selection representing regions of direct interaction between viral proteins and the host antiretroviral protein.
Reconstruction and functional testing of ancestral antiretroviral proteins, or of ancient retroviruses, provide evidence for a dynamic process of evolution of antiretroviral specificity in the primate lineage, which explains the patterns of restriction of lentiviruses and other retroviruses observed in modern primates (Kaiser et al. 2007; Goldschmidt et al. 2008; Perez-Caballero et al. 2008) .
The recent advent of massive data sets of genetic diversity in humans as well as complete genome sequences of several nonhuman primates greatly facilitates large-scale analyses searching for targets of natural selection. They allow testing the hypothesis that genes that are under strong selection in primates may be of particular relevance in human susceptibility to infectious diseases. To this effect, we conducted a systematic study of 140 genes proposed to be involved in HIV-1 biology and pathogenesis in order to 1) characterize the extent to which they have been targeted by natural selection, 2) identify single residues in host proteins that are of particular relevance in infection, and 3) assess whether genes/proteins under positive selection across primate evolution continue to display signatures of recent positive selection within the human lineage and in different human populations.
Materials and Methods

Selection of Genes for Analysis
We screened the literature for 1) genes associated with the biology of HIV-1 (reviewed in [Harris and Liddament 2004; Nisole et al. 2005; Goff 2007; Swanson and Malim 2008] and recent studies [Barr et al. 2008; Loeuillet et al. 2008; Neil et al. 2008] ); 2) HIV-1-dependency factors emerging from genome-wide siRNA screens (Brass et al. 2008; Konig et al. 2008; Zhou et al. 2008) ; and 3) genes considered polymorphic and involved in HIV-1 pathogenesis (compiled in http://www.hiv-pharmacogenomics.org) (fig . 1 and supplementary Table S1 , Supplementary Material online). For the three large siRNA screens, that together included over 600 candidates, we restricted analysis to 1) genes identified in at least two of three screens or to 2) genes with single-nucleotide polymorphisms (SNPs) that reached a nominal significant P value in a recent genome-wide association study of determinants of susceptibility to HIV-1 (Fellay et al. 2007) .
Orthologous Gene Identification in Nonhuman Primates
To obtain the orthologous sequences of candidate and control genes in the four nonhuman primates, the genome assembly of human (hg18 of Homo sapiens), chimpanzee (panTro2 of Pan troglodytes), Sumatran orangutan (ponAbe2 of Pongo pygmaeus abeli), rhesus monkey (rheMac2 of Macaca mulatta), and common marmoset (calJac1 of Callithrix jacchus) were downloaded from the University of California-San Cruz genome browser. BlatSuite.34 (Kent 2002) was used with the human coding sequences (CDSs) as template to retrieve homology sequences from each genome with parameters ''-t dnax -q dnax'' (i.e., translated DNA). BLAT of the querying sequences in the five primate genomes was performed chromosome by chromosome using the positive strand chain to identify the homologous sequence with the maximum match value. In more detailed analysis, we searched for prosimian (mouse lemur, Microcebus murinus) orthologous sequences by BlastN search on the ongoing genome sequencing project (http://www.ensembl.org/Microcebus_ murinus/Info) by using both human and common marmoset CDSs as query. All sequences are available from the authors and will be posted in the public domain.
Alignment of the Orthologous Sequences
The CDSs for the 140 candidate genes of the five primates were aligned using the sequence analysis tool Multiple Sequence Comparison by Log-Expectation (Edgar 2004) . CDSs were aligned according to their corresponding amino acid sequences using the tranalign application of the European Molecular Biology Open Software Suite package (Rice et al. 2000) .
Primate Evolutionary Analysis
To trace the evolutionary history of the 140 candidate host genes and 100 control genes (randomly selected among 23,000 human genes, supplementary Table S3 , Supplementary Material online), we analyzed their substitutional patterns in the framework of the accepted primate phylogeny (Goodman 1999 ) using several codon-based maximum likelihood procedures as implemented in the codeml tool of the PAML (Phylogenetic Analysis by Maximum Likelihood) program package (Yang 1997) . To obtain an overview of the CDS evolution, we estimated the proportion of nonsynonymous (K A ) over synonymous (K S ) substitutions per site (averaged over the entire sequence) for each branch of the trees using the free-ratio model of codeml. In more detailed analysis, we utilized models that allow for different K A /K S rates at different sites of the sequences because adaptive evolution often occurs at a limited number of sites (Yang and Bielawski 2000) . We first compared a null model (M1a [Yang et al. , 2005 ), which assumes two site classes (sites under purifying selection and neutrally evolving sites), with an alternative model ( M2a   FIG. 1. -Source of candidate genes involved in HIV biology and pathogenesis. A total of 140 genes were chosen for evolutionary analysis on the basis of the following sources and evidence: 1) genes associated with the biology of HIV-1 (Harris and Liddament 2004; Nisole et al. 2005; Goff 2007; Barr et al. 2008; Loeuillet et al. 2008; Neil et al. 2008; Swanson and Malim 2008) ; 2) HIV-1-dependency factors emerging from genome-wide siRNA screens (Brass et al. 2008; Konig et al. 2008; Zhou et al. 2008) ; and 3) genes considered polymorphic and involved in HIV-1 pathogenesis (compiled in http://www.hiv-pharmacogenomics.org). For the three large siRNA screens, which together included over 600 candidates, we restricted analysis to 1) genes identified in at least two of three screens or to 2) genes with SNPs that reached a nominal significant P value in a recent genome-wide association study of determinants of susceptibility to HIV-1 (Fellay et al. 2007 ).
[ Yang et al. , 2005 ), which adds a third site class that allows for sites with K A /K S . 1) using likelihood ratio test. Evaluation with the chi-square test assumed two degrees of freedom as suggested by Yang et al. (2005) . The null model (M1a) could be rejected when the P value is above the significance level (0.05). We then use empirical Bayes methods to identify positively selected sites when they exist. Sites having a posterior probability higher than 0.95 are estimated to be under positive selection. For this detailed analysis, all complete primate CDSs available in the National Center for Biotechnology Information (NCBI) database and prosimian sequences available in Ensembl were used.
Cellular Localization and Classification
Proteins were placed in the cellular context and in relation to the different stages of the HIV-1 life cycle. Molecular function, cellular location, and possible interaction between the host factors and HIV-1 proteins (supplementary 
Analysis of Evolutionary Pressures in Human Populations
The availability of dense maps of human genetic variation, from the International HapMap Project Phase 2 (HapMap2), has allowed the detection of positive natural selection across the human genome. We first interrogated the data sets from Voight et al. (2006) and Sabeti et al. (2007) that report signals of recent positive selection, defined as common alleles carried on unusually long haplotypes (Sabeti et al. 2006) . We analyzed the values that were obtained through the integrated haplotype score (iHS) test (Sabeti et al. 2007; Voight et al. 2006) , which relies on the principle that, under positive selection, an allele may rise to high frequency rapidly enough that long-range association with nearby polymorphisms will not have the time to be eliminated by recombination. We also assessed the cross population extended haplotype homozogysity (XP-EHH) test to detect selective sweeps in which the selected allele has approached or achieved fixation in one population but remains polymorphic in the human population as a whole (Sabeti et al. 2007) . In addition, we searched for evidence of local positive selection by interrogating the data set from Barreiro et al. (2008) that measured the population differentiation at all HapMap SNPs, using F-statistics, where high F ST values indicate that a given SNP has changed frequency rapidly since population separation.
To this effect, we downloaded all SNPs genotyped in HapMap Phase 2 in a region centered on each candidate and control gene, extended by 200 kb upstream the 5# and downstream the 3# of each open reading frame. For each SNP, we retrieved F ST and XP-EHH values per population pair and iHS per population. The statistics were considered significant when F ST per population pair . 99th centile of the genome-wide F ST distribution for the corresponding population pair, an XP-EHH P value per population pair , 1 Â 10 À3 , and a |iHS| per population . 2. For each independent genomic region, we determined manually the likely target of selection, if any. We defined the likely target SNP as the one yielding the maximal value for the F ST , iHS, or XP-EHH statistics of all SNPs in the genomic region. If different statistics were significant, we chose the SNP yielding significant results in the greatest number of statistics. If F ST or XP-EHH were significant, but not iHS, we determined the population where the allele is selected by looking at the derived allele frequency.
The above analytical procedure was blind to SNP location (within or outside the candidate or control gene). We then determined the position of the likely targets of selection with respect to the candidate or control genes. If the selected SNP was genic, the signal of recent positive selection was attributed to the candidate or control gene. If the selected SNP was intergenic, the signal of recent positive selection was attributed to the closest candidate or control gene. We obtained levels of linkage disequilibrium between SNPs associated with HIV control and targets of positive selection using HapMap Phase 2 data in the population where the signal of selection was detected. We calculated r 2 with the Haploview program v.4.1.
Results
BLAT and Alignment Efficiency
CDSs of human candidate genes (n 5 140, fig. 1 and supplementary Table S1 , Supplementary Material online) were used as BLAT queries against the four nonhuman primate genomes. We identified and reconstructed all four nonhuman primate orthologs (558 sequences) with the exception of L-SIGN (also called CLEC4M), known to be absent in old and new world monkeys (Bashirova et al. 2003; Ortiz et al. 2008) . Out of the 558 sequences, 338 included the entire CDS compared with the human sequence template. The remaining sequences contained gaps of different sizes in different primates. Gaps represented 1-30% of the CDS compared with the human reference sequence. The only exception was CCL18 in common marmoset, which lacked 68% of the expected CDS. For 100 control random genes, we identified all orthologs for the four nonhuman primates. Over the 400 control sequences, 284 included the entire CDS compared with the human sequence template. The remaining sequences contained gaps representing 1-10% of CDS compared with the human sequence template. Gap sequences could result from an incomplete genome assembly or represent an actual event of deletion/ insertion. There is debate about the best handling of short deletions or insertions in the analysis of sequence evolution (Loytynoja and Goldman 2008) . In this study, insertions and deletions were defined from the consensus sequence. Deletions were coded as ''?'' to be interpreted as undetermined nucleotide by the PAML program. Insertions were removed from analysis. Overall, the use of BLAT search for orthologous sequences, which may preferentially miss Evolutionary Trajectories of Primate Genes 2867 sequences of positive selection because of lower sequence similarity and the approach to handling gaps, should be considered as conservative, possibly leading to lesser detection of regions under positive selective pressure.
The K A /K S median value for 100 random control genes was 0.19 (purifying selection), consistent with a genome-wide average estimated for ;14,000 humanchimpanzee gene pairs K A /K S ;0.2 (Wagner 2007) . The K A /K S median value for candidate genes involved in HIV-1 biology and pathogenesis was 0.15, which was not significantly different from the K A /K S median of control genes. Classification of candidate genes according to molecular function resulted in differences in K A /K S median values among functional classes. Interestingly, immune response genes, including the innate and intrinsic immunity, had median values of 0.37 and 0.98, significantly higher than the K A /K S median of control genes (P 5 0.0001 and 0.0002, respectively; fig. 2 ). Genes involved in virus life cycle steps (entry, early phase, nuclear import, integration, transcription, nuclear export, and late phase) presented median values similar or below median values of control genes. These differences were statistically significant for genes involved in transcription (P 5 0.02), nuclear export (P 5 0.02), and late phases of the viral cycle (P , 0.0001). K A and K S as well as the K A /K S ratio values for all genes analyzed here are reported in supplementary Table S1 (Supplementary Material online).
We compiled and presented data in their cellular context ( fig. 3 ). Among 43 genes encoding membrane receptors, plasma membrane proteins, and soluble molecules, we identified 20 host factors (46%) with values in the upper K A /K S quintile (K A /K S . 0.4). In contrast, among the 54 genes/proteins involved in molecular functions in the cytoplasm and the 43 genes/proteins involved in nuclear functions, most were under strong purifying selection: five genes (9%) and three genes (7%) of these subclasses were represented in the upper K A /K S quintile, respectively. Functional details and association with HIV-1 pathogenesis of all these genes/proteins are provided in supplementary Table S1 (Supplementary material online) .
Genes/Proteins with Regions under Interspecies Positive Selection
In a detailed analysis, we applied different PAML statistical models (M1a and M2a) to identify residues under positive selection in products of the 140 candidate genes. A first analysis used the human, chimpanzee, orangutan, rhesus monkey, and common marmoset sequences. However, the identification of sites under positive selection could be limited by the number of primate sequences. Thus, for the subset of 35 genes presenting likelihood ratio test P values ,0.05 upon analysis of five genomes, we compiled additional complete CDSs of other nonhuman primates and prosimians. Thirteen of these genes/proteins presented residues under positive selection (table 1) . APOBEC3H, APO-BEC3G, TRIM5a, L-SIGN/CLEC4M, CD4, and Tetherin/ BST2 have been already well characterized in terms of their evolutionary history (Sawyer et al. 2004 (Sawyer et al. , 2005 (Sawyer et al. , 2007 OhAinle et al. 2006; Ortiz et al. 2006 Ortiz et al. , 2008 Zhang et al. 2008; Gupta et al. 2009; McNatt et al. 2009 ). However, the availability of additional sequences, including prosimian data, allowed the detection of novel sites and a better definition of clusters and domains under positive selective pressure (table 1 and fig. 4) .
For eight additional genes/proteins (GML, IL4, CD4, DEFB1, PTPRC/CD45, TLR7, IL8RA, and AKT1), we identified 1-13 residues under positive selection (posterior probabilities !0.95) (table 1 and fig. 4 ). Residues S48, N64, N77, and A80 of CD4 are distributed on the molecular surface at the top of domain D1, at the interface between CD4 and the gp120 HIV protein, and between CD4 and major histocompatibility complex II (Kwong et al. 1998) . PTPRC/ CD45 residues L33, N276, A277, T292, Q334, K353, F397, V454, R504, and K533 are all located in the extracellular spacer and fibronectin domains. This protein region could be under positive selective pressure due to a genetic conflict, but there is no evidence for its direct binding to a retroviral protein, although it has been implicated in the binding of influenza virus (Hartshorn et al. 1995) and its altered expression may influence susceptibility to HIV-1 (Tchilian et al. 2001 ). A recent study described the promoter region of IL4 to be under selective pressure due to local adaptation to diverse pathogenic challenges (Rockman et al. 2003) ; however, IL4 S152 is located at the C-terminus. No information is available regarding DEFB1 R61, a residue localized on the mature part of a peptide that is cleaved from the primary translation product (Del et al. 2002) . No information is available regarding GML N44, I93, S107, and V10 residues. TLR7 L528 and K603 are localized in the extracellular protein domain in the leucine-rich repeats region. IL8RA F12 and A23 residues are localized in the N-terminal extracellular protein domain, region involved in ligand/ receptor binding recognition (Hebert et al. 1993) . No published information is available regarding the K356 residue of AKT1, a protein that implicated the regulation of cellular energy metabolism (Whiteman et al. 2002) , but based on the AKT2 crystal structure, K356 is located at the surface of the protein and is surrounded by three negatively charged amino acids. Extracellular Tat stimulates the catalytic activity of the AKT/PKB kinase (Borgatti et al. 1997) . Tetherin/BST2 was identified in the K A /K S upper quintile (.0.4), and we estimated that 12% of amino acids are under selective pressure (P value 9.57 Â 10 À3 ). However, only a proline at position 155 reached a posterior probability .0.95. Recent studies proposed additional residues of the cytoplasmic and transmembrane regions as being under positive selective pressure (Gupta et al. 2009; McNatt et al. 2009 ).
Two genes in the control group were found under strong positive selection. IFNA8 (K A /K S 5 1.33) encodes an interferon molecule implicated in antiviral response. PHYHD1 (K A /K S 5 1.22) encodes for phytanoyl-CoA dioxygenase domain containing one, a molecule with oxidoreductase activity. PHYHD1 was described as interacting with Epstein-Barr virus BRRF1 protein in a high-throughput yeast two-hybrid system (Calderwood et al. 2007 ).
Patterns of Positive Selection within Humans
We next aimed to evaluate whether genes controlling HIV pathogenesis or biology were also targeted by more recent events of positive selection within the human lineage or in different human populations. We did not find any excess of significant signals of recent positive selection in the 140 genes involved in HIV pathogenesis with respect to control genes (0.47% vs. 0.45% of 17,301 HapMap SNPs, respectively; P 5 0.86). No excess was observed when considering the three HapMap populations (i.e., sub-Saharan African Yoruba, European-descent Americans, and East Asians from China and Japan) separately (P 5 0.81).
Twenty-one genes involved in HIV pathogenesis presented SNPs defined as a likely target of recent positive selection (table 2) . No gene presented signatures of both inter-(i.e., K A /K S . 1) and intraspecies positive selection, except DEFB1 (table 2) . Of note, IFNGR1 and IL4R had values in the upper quintile (K A /K S . 0.4) and signs of intraspecies recent positive selection in humans (table 2). We critically assessed the pattern of genes of the intrinsic defense against retroviruses, APOBEC3G, APOBEC3F, TRIM5a, and Tetherin/BST2 (supplementary Table S2 , Supplementary Material online). Overall, the results do not support evidence for Evolutionary Trajectories of Primate Genes 2869 recent positive selection in those genes: the APOBEC3 cluster has many missing genotypes, which could be the result of copy number variation (Kidd et al. 2007) ; there is a signal in the TRIM5 region, but it is in genes 5# of TRIM5a.
Among the genes exhibiting signatures of recent positive selection in humans, ZNRD1, PDIA6, DEFB1, IL4R, DNM2, ADAM10, COPB2, JAK1, CRAT, MAP3K5, and IDH1 presented nominal P values ,0.05 in a recent genome-wide association study for HIV viral load (Fellay et al. 2007) and ZNRD1, JAK1, ATM, COPB2, CTDP1, CRAT, XRCC5, DEFB1, DNM2, ADAM10, PDIA6, FLNB, TOMM70A, and MAP3K5 have been associated with HIV disease progression at the nominal 5% level (Fellay et al. 2007) . We checked whether SNPs associated with either viral load or disease progression were in linkage disequilibrium with SNPs defined in our study as targets of positive selection. No SNP associated with HIV control showed r 2 . 0.4 with targets of positive selection (data not shown). Because our criteria used to define polymorphisms under intraspecies positive selection were very stringent, we also tested whether SNPs nominally associated with HIV control presented higher values for statistics used to detect positive selection (F ST , his, and XP-EHH; see Materials and Methods). The distributions of these statistics for SNPs associated with HIV control (and present in the 140 genes) were not significantly different from genome-wide distributions (Kolmogorov-Smirnov test, P . 0.05).
Discussion
Human infection by HIV-1 occurred at a time in the evolution of the species when host capacity to abort, control, or resolve infection was limited. The almost-universal susceptibility to HIV-1 in humans stands in stark contrast to the outcome of infection of SIV in their natural primate hosts. Members of the TRIM and APOBEC families of proteins and Tetherin/BST2 account for differences in retroviral restriction specificity among primate species. The differences in pathogenesis that underlie the ability to tolerate viral replication without immune damage in sooty mangabeys or African green monkeys have been difficult to map to precise genes. Naturally SIV-infected primates are thought to have gone through a longer host-pathogen adaptation process-in contrast with the recent infection of humans with HIV-1. Thus, the interest of the current work to assess the evolutionary trajectories of 140 candidate and confirmed genes involved in HIV-1 biology and pathogenesis. This is now facilitated by the possibility to search for orthologs of human genes in the complete genomes of four evolutionary distant primates.
The choice of genes in this study covers confirmed cellular factors needed for viral replication, as well as candidate genes that have emerged from genetic and genomic association studies and from three genome-wide siRNA screens. This set of genes allows the following observations: 1) there are three general groups of genes presenting different evolutionary histories of their coding regions in primates (as captured by the K A /K S ratio), 2) analyses allow the non-a priori identification of candidate residues that affect host-pathogen interactions, and 3) a subset of genes may be under positive selective pressure in modern human populations.
The three general patterns of selective pressure in coding regions emerged from the analysis of 40 My of primate evolution. First, cellular genes proven (or proposed) to be involved in early phase of the viral cycle, nuclear import, integration, transcription, nuclear export, and late phase are under strong purifying selection-with most values below the genome-wide average of K A /K S ; 0.2. Thus, it can be argued that differences in susceptibility to retroviruses among primates are less likely to be coded by these genes. It could also be argued that the mutational space available in these genes for polymorphism in modern humans may be limited. These considerations may be of interest when planning resequencing of genes for the purpose of identifying the genetic basis for differential HIV-1 susceptibility and disease evolution in humans.
Second, cytokines, chemokines, and other soluble mediators and receptors of the innate immunity have a distinctive pattern of evolution of coding regions with average K A / K S ratios of ;0.4. These values can reflect a relaxation of purifying selection, balancing selection, or positive selection acting on specific targeted domains of these proteins. In contrast with the first set of genes, the available mutational space may be larger, and diversification of these mediators of the innate immunity might have functional consequencesincluding in the pathogenesis of retroviral infection.
Third, the current study confirms the role of positive selection in shaping intrinsic cellular defense against a Minimum XP-EHH P value corresponds to the most significant P value between the left and the right parts of each gene. Significant scores are in bold (see Materials and Methods).
retroviruses-including the recently described Tetherin/Bst2. It is apparent from this analysis that a representative set of five primate genomes can capture the signal of strong positive selection in these genes, thus highlighting the need to study in detail other immunity-related genes that present similar K A /K S ratios for a possible role in antiretroviral defense. Next, we used approaches to allow for different K A /K S rates at different sites of the sequences because adaptive evolution often occurs at a limited number of sites (Yang and Bielawski 2000) . This type of analysis can provide precious information on residues and pathogen-interacting domains. The accuracy of the analysis increases with increasing numbers of primate sequences, and for the first time, the analysis also included a number of sequences from prosimians (lemurs). Sites predicted under selective pressure could thus be identified in 12 proteins. It extended the number of residues under selective pressure in the intrinsic defense proteins TRIM5a, APOBEC3H, and APO-BEC3G. In addition, the analysis confirmed the recent report by Zhang et al. (2008) regarding specific residues under positive selective pressure in CD4 that may modulate binding to gp120. It is thus possible that residues under positive selective pressure identified in GML, IL4, DEFB1, L-SIGN/CLEC4M, PTPRC/CD45, TLR7, IL8RA, and AKT1 will prove relevant to host-pathogen interactions.
We next explored whether human genes/proteins involved in HIV pathogenesis have been targeted by recent positive selection in the last 70.000 years-starting at the time of the Out-of-Africa exodus of modern humans to colonize the rest of the world This analysis uses data from HapMap 2 on three representative human ancestries, European-descent, sub-Saharan African, and East Asian, and metrics were reported by Voight et al. (2006) , Sabeti et al. (2007) , and Barreiro et al. (2008) . In most cases, interpretation of the results can be challenging because natural selection and particular demographic events (e.g., bottleneck) can have similar effects on the patterns of genetic diversity. Coop et al. (2009) argued in a recent publication that selection is often weak enough that population history, migration, and drift exert powerful influences over the geographic distribution of selected alleles.
Among the set of 140 HIV genes, we identified 24 SNPs under the action of local positive selection in humans. None of these SNPs were associated, or in linkage disequilibrium, with polymorphisms associated with HIV disease progression or HIV viral load in the study by (Fellay et al. 2007) . This may result from the very low population frequency of many SNPs associated with HIV susceptibility and because signals of local positive selection were detected in three different human populations (HapMap Phase 2 samples), whereas SNPs associated with HIV control were mostly identified in a European-descent population. In addition, the action of recent positive selection targeting structural variation cannot be excluded; an issue that may be particularly important because genes associated with HIV pathogenesis may show genomic structural variation (e.g., CCR5). In any case, our analysis suggests that polymorphisms that have been positively selected in the past history of human groups are distinct from those playing today an important role in HIV progression. Of note, an exception to this pattern has been reported for the HLA-C gene (not considered in our list of 140 genes that excluded the MHC region). An SNP in the regulatory region (rs9264942) is associated with HIV viral load (Fellay et al. 2007) and HLA-C expression (Stranger et al. 2007) and is under positive selection in non-Africans ). Finally, our analyses suggest that most HIV genes whose evolution has been accelerated at the interspecies level have not kept evolving adaptively in recent human evolution, with the notable exception of DEFB1. This observation is in accordance with most genome-wide scans for positive selection in primates, which detected only few genes showing signs of both interspecies accelerated evolution and intraspecies recent positive selection (Sabeti et al. 2006 ).
In conclusion, this work represents a large-scale approach to characterize the evolutionary history of genes involved in retroviral pathogenesis during primate evolution and its extension to the most recent history of humans. This is an effort that needs to be followed by genome-wide analyses, with the progressive precision provided by additional complete genomes of primates and prosimians. Recent efforts in creating an encyclopedia of all overlaps across large-scale studies of host cell factors in HIV-1 replication will also benefit from integrating genome-scale evolutionary data (Bushman et al. 2009; Telenti 2009, forthcoming) . The outcome of such data integration should guide functional analysis of candidate genes, and of specific residues, with the goal of identifying interaction domains of the host with pathogens.
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Supplementary Tables S1-S3 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
